PURPOSE. In order to better understand whether white matter structural deficits are present in strabismic amblyopia, we performed a survey of the tissue properties of 28 major white matter tracts using diffusion and quantitative magnetic resonance imaging approaches.
A mblyopia is a developmental disorder that is characterized by unilateral (or less commonly, bilateral) reduction of bestcorrected visual acuity that cannot be directly attributed to pathology of the eye. Understanding the neural basis of amblyopia is important both for clinical applications and for understanding the association of early visual experience and brain plasticity. 1, 2 Functional neuroimaging has revealed changes in patterns of brain activation in patients with amblyopia compared with control subjects. 3 Early in the visual pathway, the lateral geniculate nucleus (LGN) shows reduced activation when driven by the amblyopic compared with the fellow eye. 4, 5 Downstream from the LGN, reduced activation has also been found in the primary visual cortex (V1), [6] [7] [8] [9] as well as in highorder cortical areas involved in face perception, 10 multiobject tracking, 11 and visual-guided actions. 12 In addition to changes in neural responses, structural neuroimaging has helped us understand the biological underpinnings of the behavioral differences in terms of changes in the structure of either grey matter [13] [14] [15] [16] [17] [18] [19] or white matter. [19] [20] [21] [22] [23] Grey matter contains cell bodies and is where neural computations take place. Structural changes in grey matter have been quantified via voxel-based morphometry (VBM), a technique that quantifies differences in brain shape between patients and controls. 24 Studies using VBM have detected grey matter changes mainly in the bilateral calcarine sulcus [13] [14] [15] [16] ; but changes in extrastriate areas such as the parietal-occipital junction, ventral temporal cortex, superior and inferior frontal gyrus [13] [14] [15] have also been reported.
White matter is composed of bundles of axons that transmit signals between various cortical or subcortical areas. Analyses of white matter changes can provide additional insight into the pathophysiology of amblyopia because the function of a given brain area depends not only on the activity of neuronal populations within that area, but also on the interactions mediated by white matter connections between this brain area and other areas. 25 The integrity of the white matter can be studied through examining volume changes or specific tissue property changes. To study white matter volume changes, researchers have applied VBM to voxels that are classified as white matter and have found decreased volume in the white matter around the primary visual cortex, right premotor cortex, bilateral dorsolateral prefrontal cortex, bilateral cingulate cortex, and the bilateral optic radiations. 19, 22, 23 By contrast, increases in white matter volume have been reported in the bilateral cuneus areas and the right inferior frontal gyrus. 23 Diffusion tensor imaging, on the other hand, probes tissue properties at the micrometer scale within a magnetic resonance imaging (MRI) voxel by modeling movement of water molecules in multiple directions. In white matter, where myelinated axons are directionally coherent, water molecules diffuse much more easily along the length of the axons than perpendicular to them. Thus, the rate of water diffusion is greatest in the direction parallel to the principal orientation of an axon bundle and is reduced in all directions perpendicular to the principal direction. 26 Because axon orientation affects the diffusion process, the trajectory of white matter fibers can be reconstructed by tracing the principal diffusion direction from one voxel to a neighboring voxel. 27 Hence, based on diffusion measurements, specific white matter connections can be traced within an individual's brain and measures of diffusion properties within these connections can be used to gain insight into organization of the fiber tract.
Voxel-based analyses of diffusion images have revealed various changes in white matter properties in amblyopia patients. For example, studies of children with anisometropic amblyopia found changes both in the rate of water diffusion and in the coherence of diffusion directions in various regions of interest, but the findings were not highly consistent. 23, 28, 29 More specifically, four studies have selectively examined the optic radiation using fiber tractography, but the results have also been mixed. 20, 21, 30, 31 The diversity of structural imaging results may reflect the diversity inherent in the disorder. First, there are three main subtypes of amblyopia: strabismic, anisometropic, and form deprivation. 32 The mixed findings are possibly due to the fact that different types of amblyopia may have distinct impacts on specific brain structures. Moreover, prior studies have either used small sample sizes (n < 10) or samples with mixed etiologies. Each study has used a slightly different set of scanning and tracking parameters. For example, over the available studies of white matter, the image voxel size ranges from 4 to 1.6 mm 3 , and the number of diffusion directions measured ranges from 13 to 32 (more directions give better tractography results). Finally, fractional anisotropy (FA) and mean diffusivity (MD) values reflect a range of geometric and microstructural factors rather than any specific biological properties. [33] [34] [35] With these limitations in mind, the current study focused on one specific subtype of amblyopia-strabismic amblyopia, whose white matter properties have not been systematically studied before, and we used higher resolution measures than previous studies: we reconstructed tracts from 96-direction diffusion images at a voxel size of 2 mm 3 . Strabismus is of particular interest because it commonly results in a loss of binocularity as well as a unilateral loss of visual acuity. Functionally, patients with strabismus tend to have a different behavioral phenotype than patients with anisometropia. 36 In addition, rather than focusing on a small number of tracts in the occipital lobe, we made a comprehensive survey of 28 major white matter fiber tracts. The tractography method provides us the opportunity to understand cortical and subcortical connectivity for specific fiber tracts in vivo. 27 Furthermore, in order to resolve the ambiguities from measuring diffusion properties alone, we also employed a new quantitative MRI (qMRI) protocol to map scanner-biasindependent T1 values along each tract. It has been shown that this bias-free T1 value is particularly sensitive to myelin in human white matter. 37 More specifically, we have three hypotheses in mind. First, as suggested by previous studies, 20, 21, 30, 31 alterations in white matter may take place in the optic radiation that connects the LGN to V1. Secondly, the corpus callosum is of particular interest due to its involvement in binocular integration at the midline. The posterior part of the callosum contains fibers connecting cortical areas representing midline body regions and it plays a major role in binding together the separate representations of the two hemifields at the vertical meridian. Animal studies have found that abnormal binocular experience induced by strabismus affects callosal myelination and the projection areas of callosal fibers, resulting in an inability to unify separate representations of visual fields. [38] [39] [40] [41] It is possible that the occipital portion of the corpus callosum is also affected in human strabismic amblyopia. Finally, we have studied a recently rediscovered tract: the vertical-occipital fasciculus (VOF). 42, 43 The vertical-occipital fasciculus is the only major fiber bundle known to connect dorsal and ventral regions of occipital, parietal, and temporal cortex. This tract is of interest as it is the only currently known vertical, long-range fiber tract in the occipital lobe and because there is evidence showing that the effects of amblyopia may involve both dorsal and ventral cortical areas that are connected by the VOF. 44, 45 
METHODS Participants
Patients. Sixteen adults with strabismic amblyopia (average age ¼ 45.31, SD ¼ 13.26, eight males) participated in the study. Table 1 summarizes their acuity, refractive errors, and stereopsis. All patients had strabismic amblyopia with unmeasurable stereopsis on the Titmus or RandDot stereo tests. They were recruited by advertisements in local print media or electronic data record searches (Stanford Translational Research Integrated Database Environment).
Controls. Each patient was matched with two typically developing controls that were of similar age (63 years). The 32 age-matched controls (mean age ¼ 45.03, SD ¼ 13.79, 15 males) were recruited from the San Francisco Bay Area and were screened for neurological, psychiatric, and cognitive disorders. They were confirmed to have no structural brain disease and were neurologically healthy. These participants were part of a larger cohort that has been studied previously. 46 All participants provided informed consent and authorization to use their clinical data for research. The Stanford University Institutional Review Board approved all procedures for medical research involving human subjects.
MRI Acquisition and Processing
All imaging data were collected on MRI equipment (3T General Electric Discovery 750; GE Healthcare, Buckinghamshire, UK) equipped with a 32-channel head coil at the Center for Cognitive and Neurobiological Imaging at Stanford University.
Diffusion-weighted imaging (DWI) data were acquired using dual-spin echo diffusion-weighted sequences with full brain coverage. Diffusion weighting gradients were applied at 96 noncollinear directions across the surface of a sphere as determined by the electrostatic repulsion algorithm. 47 In all subjects, DWI data were acquired at 2.0 mm 3 spatial resolution and diffusion gradient strength was set to b ¼ 2000 s/mm 2 . The diffusion-weighted imaging data was motion corrected by a rigid body alignment algorithm. A robust fitting method was used for tensor fitting. 48 Preprocessing was implemented in a computing environment (MATLAB; Math Works, Natick, MA, USA) and the analysis tools are publically available as part of the Vistasoft software distribution (https://github.com/vistalab/vistasoft/tree/ master/mrDiffusion/dtiInit).
The quantitative T1 parameter was measured from spoiled GE images acquired with different flip angles (a ¼ 48, 108, 208, and 308; repetition time [TR] ¼ 20 ms; echo time [TE] ¼ 2.4 ms). The scan resolutions were 1 mm 3 . For calibration of T1, additional spin-echo-recovery (SEIR) scans with echo-planar imaging (EPI) readout (SEIR-epi) were collected. We conducted the SEIR-epi was with a slab inversion pulse and spectral spatial fat suppression. The repetition time was 3 s; echo time was set to minimum full; inversion times were 50, 400, 1200, and 2400 ms. We used a 2-mm 2 in-plane resolution with a slice thickness of 4 mm. The EPI readout was performed using 32 acceleration to minimize spatial distortions. The image-analyzing pipeline can be found as open-source MATLAB code (https://github. com/vistalab/mrQ). This pipeline provided us with a quantitative T1 map for each subject. For a detailed explanation of the analysis procedures and algorithms, see Mezer et al. 33 
White Matter Tract Identification
The automated fiber quantification (AFQ) software package 49 was used to identify 24 fiber tracts using a deterministic streamline tracking algorithm. 27 The corpus callosum was segmented into eight callosal fiber groups by placing two ROIs in homologous regions of each hemisphere. Fractional anisotropy and MD are the most widely used summary indices in diffusion tensor imaging-based brain research. Fractional anisotropy is a scalar ranging from 0 to 1 that quantifies the coherence of water diffusion, with 0 indicating low coherence and 1 indicating high coherence, while MD measured the average rate of water diffusion, with higher rates indicating fewer boundaries for water diffusion; T1 is a myelin-sensitive measurement obtained from qMRI. Each tract was summarized by a vector of 100 values representing the T1, FA, or MD properties sampled at equidistant locations along the tract, and we label this vector as the ''tract profile.'' Figure 1 shows a visualization of this concept. Please see Yeatman et al. 46, 49 for a detailed description of the methodology and algorithms used by AFQ (https://github.com/jyeatman/AFQ).
The procedure used to define the VOF is described in detail in Yeatman and Weiner's recent paper. 42 The first step is to generate a whole-brain connectome by probabilistic tractography. Probabilistic tractography assumes a distribution of principal direction of orientations instead of a single orientation, thus it performs better at locations where complicated fiber crossings are present. 50 In order to define the endpoints of the tract, we identified the ventral occipital temporal cortex, including the fusiform, inferior occipital, and inferior temporal gyri from a segmentation of a T1weighted image using FreeSurfer 51 (http://surfer.nmr.mgh. harvard.edu). Automated fiber quantification was then used to perform fiber tract segmentation and tissue property mapping. These algorithms are distributed as ''VOF'' toolbox within the AFQ software package (https://github.com/ jyeatman/AFQ/tree/master/vof).
The optic radiation was identified by first setting regions of interest in V1 and the LGN. The location of V1 was obtained from an atlas-labeled FreeSurfer segmentation and the location of LGN was defined manually based on the highresolution anatomical image. 52 We identified the optic radiation as the most likely pathway connecting LGN and V1 using probabilistic tractography based on ConTrack 53 (https://github.com/vistalab/contrack). The tissue property mapping was performed by the AFQ software. A detailed description of this procedure is available. 54 
Data Analysis
To obtain a summary of the tract profile data, we averaged the middle 80 values of each tract profile to obtain a tract mean. We excluded the first and the last 10 points in order to only include unambiguous white matter and not voxels at the gray/ white matter interface. 54 We then averaged the tract means over all participants within each group and calculated the signed differences between patients and controls for each tract. We focused on effect size to describe the differences between the groups. The effect size was calculated as d 1
where x is the sample mean and s is the pooled standard deviation. 55 In cases where the effect was large, we also Major White Matter Tracts in Strabismic Amblyopia IOVS j August 2015 j Vol. 56 j No. 9 j 5154 described the common P values. Effect size (see below) was used to provide a ranking of the fibers. We used the R statistical software and lme4 56 package to perform a linear mixed effects analysis on the optic radiation, VOF, and the occipital callosum in order to compare their tract profiles between patients and controls. We entered ''subject group'' as a fixed effect. As random effects, we had intercept for subjects, as well as by-subject and by-node random slopes for the effect of group. Values of P were obtained by likelihood ratio tests of the full model with the effect in question against the model without the effect in question. For the tracts that showed an effect of group, we applied post hoc tests to determine the approximate location of the abnormalities. In order to reduce the dimensionality of the data for this comparison, we averaged the measurements from every 20 nodes, resulting in four summary measurements along each tract.
Finally, in order to determine whether an effect in one tract was due to an effect in a nearby tract, we conducted a distance analysis in relevant tracts. This analysis aimed to check whether effects (if any) along the nodes of one tract were located nearby in space to nodes showing significant differences in the other tract. We identified nodes with significant differences by two-sample t-tests. This statistically liberal approach to detecting affected nodes was designed to maximize our ability to capture any possible uncertainties when trying to assign effects uniquely to any one tract. A nodeby-node Euclidean distance between pairs of tracts was calculated in the AC-PC standard space, resulting in a distance matrix with the nodes of one tract represented by the horizontal axis and those of the other by the vertical axis.
RESULTS
Macroscopically, there was no tract volume difference between patients and controls and there was no difference between the volume of the ventricles. The percentage differences between patients and controls for the FA and T1 measurements were small across the individual tracts, and most of these differences were not significant. The effect size for mean differences averaged across all the tracts was À0.18 for FA, 0.41 for MD, and 0.20 for T1. We subsequently analyzed the tract profiles for MD because it showed the greatest effect size in tract mean differences.
Tract profiles for the optic radiation, VOF, and occipital corpus callosum were compared between patients and controls. Figure 2 displays a visualization of the optic radiation and the VOF and their tract profile comparisons. The likelihood ratio tests between the full model with mixed effects and the null model revealed significant main effects of group for several tracts. The patients' MD along the left optic radiation was significantly higher than that of the controls (v 2 ¼ 1, P ¼ 0.03). Their mean diffusivity for the right optic radiation was marginally higher than that of the controls (v 2 ¼ 1, P ¼ 0.07). Post hoc tests on dimension-reduced data revealed the approximate locations of abnormality. There were marginally significant group differences at locations close to LGN in both tracts (P ¼ 0.05, 0.07, respectively). The tract profile of the right VOF showed significantly higher values in patients (v 2 ¼ 1, P ¼ 0.02) , with a major part of the tract showing a main effect of group (three out of four locations, P ¼ 0.04, 0.02, 0.03 , respectively) . These locations are indicated by filled red circles in Figure 2 . There was no difference between patients and controls in the left VOF or in the occipital callosum (see Supplementary Fig. S1 for a visualization of the occipital callosum).
From the visualizations of the VOF and the optic radiation in Figure 2 , it is sometimes difficult to tell if parts of the two tracts are overlapping (i.e., pass through the same voxels). Figure 3 displays the results of the distance analysis for these tracts. The dotted line indicates the possible affected portions in each tract, and the box with a thick border highlights the distance between the affected portions of the two tracts. The color scale plots the Euclidean distance within these affected regions. In regions where the internode distance is small, it is not possible to uniquely assign the effect to one tract or the other. By contrast, when the distance is large (~15 mm) the tracts are sufficiently separated to independently interpret the effect. In Figure 3 left there are effects in the left optic radiation (dashed lines), but no effect in the left VOF. The effect observed in left optic radiation is therefore not due to the effects in the left VOF. In Figure 3 right, both tracts have effects, but the distance between affected portions of the two tracts is more than 20 mms and there are thus independent effects in both tracts.
Turning now to the whole-brain tract analysis, Table 2 provides a ranking of all of the measured fibers by their effect sizes on the MD tract mean measure. The most affected tract in terms of effect size was the anterior frontal corpus callosum (ACC: d ¼ 0.74). Figure 4 shows the tract profiles for the ACC and another top-ranking tract, the left inferior longitudinal fasciculus (ILF). The anterior frontal corpus callosum connects the homologous regions of the anterior frontal lobe in each hemisphere. The inferior longitudinal fasciculus connects the temporal lobe and occipital lobe. Post hoc tests revealed several locations of significant group differences (P < 0.05), which are indicated by red circles in Figure 4 . Beyond these tracts, there is a graded continuum of effect sizes in the remainder of the tracts analyzed.
As the ILF also lies in the occipital lobe and passes near the optic radiation and the VOF, we performed our distance analysis as above in order to determine if the effects observed in one tract are independent of effects in the other tracts. Figure 5 displays the results of the distance analysis for these tracts. In the left ILF, there are two regions of the tract that show significant effects. Neither of these effects can be accounted for by the left VOF (Fig. 5A ) as there are no effects in the left VOF. When considering the relationship of the left ILF to the left optic radiation, there is a single region where the two tracts are too close together to suggest independent effects (upper left box), but there are three other regions that are sufficiently separate to indicate independent effects. In the right occipital lobe, the distance in the potential overlap region between the VOF and the ILF is large but this same region is highly overlapped with the optic radiation. Together with our previous distance analysis, we can conclude the effect in the right VOF is independent of the other two tracts but the effects in the right optic radiation is contaminated with the effects in the right ILF.
DISCUSSION
Adults with long-standing strabismic amblyopia show tractspecific elevations in MD. Elevated MD values may be associated with decreased axonal density or decreased fluid viscosity. 57 The absence of a difference in T1 indicates that demyelination or other change in nonwater tissue volume may not be the predominant deficits in strabismic amblyopia. Different biological sources may affect MD by changing the free space between membranes that hindered the diffusion without dramatically changing the total membrane fractions such as fiber volume fraction 58 and astrocyte organization. 59 The lack of tract-specific effects in FA is possibly due to the fact that FA is much more variable than MD and it can reflect a mixture of several different types of change. 60 Participants with strabismic amblyopia showed larger MD values (greater diffusivity) in the optic radiation, but no effect in the splenial callosum, replicating a recent study using broadly similar methods. 20 We also provide here the first analysis of the VOF in amblyopia. The vertical occipital fasciculus is the only currently known vertical, long-range white matter tract in the occipital lobe. It connects dorsolateral and ventrolateral visual cortex. 42, 43 Dorsal extra-striate visual areas are specialized for analyzing spatial aspects of object features and processing motion-related information, while ventral regions of the occipital and temporal lobes are specialized for form perception and object recognition. 61, 62 Our findings suggest that the communication between the two streams may be affected in strabismic amblyopia. This may be one of the reasons that motion defined form is even disrupted in the fellow eye in amblyopia patients. 63 Patients with amblyopia are known to have deficits in visual motion processing [64] [65] [66] and in object recognition, 10 and it would be interesting to determine if perceptual integration of form and motion information is particularly disrupted.
Second, from the survey of the rest of the white matter tracts, ACC and left ILF showed significantly higher MD values in patients with strabismic amblyopia. The anterior frontal corpus callosum connects homologous regions of the prefrontal cortex. This brain region is well known for its role in highlevel functions such as decision making, executive and impulse control. The abnormality in ACC may contribute to previously reported impairments in visual decision making among adults with amblyopia. 67 The inferior longitudinal fasciculus is a long association fiber bundle interconnecting the occipital lobe and temporal lobe, and it is a major pathway transmitting information between those two areas that are crucial for visual perception and object recognition. 68, 69 Abnormalities in the ILF may be associated with behavioral deficits in object recognition among amblyopia patients. However, it was noted very early on that the fibers of the optic radiation intermingle with those of the ILF. 70 Diffusion tensor imaging is limited in its ability to separate tracks that cross or run closely in parallel and thus the effect in ILF could, in principle, also stem from an impairment in the optic radiation, or vice versa. Our distance analysis indeed shows regions of both tracts that are affected and that are very close together. However, we also see independent effects in both tracts in portions that are sufficiently distant to be easily resolved with our methods (see Fig. 5C ). To fully understand the functional role of the ILF in vision, it will be important for future work to determine which regions of visual cortex send or receive axons that comprise the ILF.
The present survey of major white matter tracts suggests that most white matter tissue properties are relatively robust to the early visual insult caused by strabismus. However, there are detectable increases in mean diffusivity in the optic radiation, right VOF, ACC, and the left ILF. The presence of structural changes in long-range white matter projections both within the occipital lobe (VOF), between the occipital lobe, and the frontal lobe (ILF) and between hemispheres in frontal cortex are novel results of our survey approach. Future research using tasks that depend on the integrity of these long-range projections may shed light on the functional consequences of these structural alterations for patients with strabismic amblyopia.
